The eleven-nineteen lysine-rich leukemia (ELL) gene undergoes translocation and fuses in-frame to the multiple lineage leukemia gene in a substantial proportion of patients suffering from acute forms of leukemia. Studies show that ELL indirectly modulates transcription by serving as a regulator for transcriptional elongation as well as for p53, U19/Eaf2, and steroid receptor activities. Our in vitro and in vivo data demonstrate that ELL could also serve as a transcriptional factor to directly induce transcription of the thrombospondin-1 (TSP-1) gene. Experiments using ELL deletion mutants established that full-length ELL is required for the TSP-1 up-regulation and that the transactivation domain likely resides in the carboxyl terminus. Moreover, the DNA binding domain may localize to the first 45 amino acids of ELL. Not surprisingly, multiple lineage leukemia-ELL, which lacks these amino acids, did not induce expression from the TSP-1 promoter. In addition, the ELL core-response element appears to localize in the ؊1426 to ؊1418 region of the TSP-1 promoter. Finally, studies using zebrafish confirmed that ELL regulates TSP-1 mRNA expression in vivo, and ELL could inhibit zebrafish vasculogenesis, at least in part, through up-regulating TSP-1. Given the importance of TSP-1 as an anti-angiogenic protein, our findings may have important ramifications for better understanding cancer.
as a result of the frequent translocation event t(11;19) (q23; p13.1) that occurs in acute myeloid leukemia (1) . In vitro studies showed that wild-type ELL can increase the rate of polymerase II transcriptional elongation by suppressing transient pausing (15, 16) , an activity shared by the two paralogs of ELL found in mammalian cells, ELL2 and ELL3 (17, 18) . The targeted knockout of ELL in mice caused embryonic lethality, suggesting an essential role for this protein in early embryonic development (19) . Further functional analyses revealed that ELL regulates cell growth and survival (20) and serves as a selective co-regulator for steroid receptor functions (21) . In all, these studies point to the importance of ELL in normally functioning cells.
Like other MLL translocation products, the chimera MLL-ELL appears to play an important role in leukemogenesis (22, 23) . The MLL-ELL fusion product contains the amino-terminal region of MLL fused to amino acids 46 -621 of ELL that include the elongation domain and a lysine-rich region (1) . Transplantation of blood progenitor cells transduced with MLL-ELL into sublethally irradiated normal mice resulted in morphological and clinical disease manifestations closely resembling those observed in patients suffering from leukemia (24) . Although the precise mechanism of how MLL-ELL participates in leukemogenesis remains unknown, evidence suggests that MLL-ELL contributes to the transformation of blood progenitor cells and the development of leukemia, at least in part, through the repression of p53 activity (25) (26) (27) . Both MLL-ELL and wildtype ELL, but not wild-type MLL, inhibited p53 transcriptional activity, whereas MLL-ELL inhibits p53 more efficiently than ELL (25) (26) (27) (28) . Furthermore, the ELL extreme carboxyl terminus (amino acids 508 -621), which is responsible for p53 repression, is both necessary and sufficient for the malignant transformation of bone marrow cells and the onset of leukemia in animals (24) .
To gain a more complete picture of how ELL functions in the cell, two-hybrid screens and biochemical purification have been performed to identify ELL-binding partners. These studies led to the discovery of Eaf1 and Eaf2 (29, 30) . Both Eaf1 and Eaf2 co-localize with ELL in the nucleus in a stippled pattern, supporting the physiological relevance of their association with ELL (29, 30) . Interestingly, the carboxyl-terminal domains of Eaf1 and Eaf2 share similarity with AF4 and ENL, other MLL translocation partners, suggesting that interactions between ELL and Eaf1 may contribute to the leukemic phenotype of cells expressing the MLL-ELL chimera (29) . Indeed, expression of exogenous MLL-Eaf1 chimeras can immortalize hematopoietic progenitor cells and induce the development of acute myeloid leukemia in mice (23) . Concomitantly, we identified Eaf2, which we named U19, as a novel testosterone-regulated protein capable of inducing apoptosis in the prostate (31) . Our studies indicated that the association between ELL and U19/Eaf2 regulated U19/Eaf2 intracellular localization, stability, and transactivation activity, and the binding domain was required for U19/Eaf2 apoptotic activity (32) (33) (34) . Moreover, our studies provided evidence that ELL alone has transactivation capability (32) . In vitro and in vivo studies revealed U19/Eaf2 as a potential tumor suppressor (31, 35) , further supporting a role for ELL in tumor progression.
Whereas studies point to an important role for ELL in normal cells as well as cancer, the exact mechanism of ELL action remains unclear, due in part to the embryonic lethality of ELL knock-out mice (19) . Studies suggest that the protein acts as a regulator of p53, U19/Eaf2, steroid receptors, and transcriptional elongation (21, (25) (26) (27) 32) ; however, our observation that ELL alone could induce transactivation of a reporter construct supports a potential additional role for ELL as a transcription factor. In this study, we demonstrate that in fact ELL induces transcription of the TSP-1 gene. Our findings provide insight into the mechanism of ELL action as well as bring to light a direct role for the ELL in controlling gene expression.
EXPERIMENTAL PROCEDURES
Cell Lines and Plasmid Construction-HEK 293 cells were obtained from ATCC. HA1E, a derivate of human embryonic kidney cells, was provided by Randolph S. Watnick. Cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal bovine serum, 1% glutamine, and 1% penicillin/streptomycin (Hyclone) at 37°C in a humidified atmosphere containing 5% CO 2 .
The cDNA of human ELL, provided by Ali Shilatifard, was cloned into the CMV-Myc and PM vectors (Clontech) by PCR. Deletion mutants of ELL were generated by PCR and cloned into CMV-Myc, PM (Clontech), and pVP16 vectors (Clontech). The promoter region (Ϫ2033 to ϩ750) of TSP-1, provided by Olga Volpert, was cloned into the pGL3-Basic vector (Promega) by PCR. Deletion mutants of the TSP-1 promoter were generated by restriction endonuclease digestion or PCR and cloned into the pGL3-Basic vector. The region of Ϫ1658 to Ϫ1270 of the TSP-1 promoter was cloned into pGL2 promoter vector (Promega) by PCR. Myc-Eaf1, Myc-U19/Eaf2, and Myc-p53 were described previously (32) . pcDNA-MLL-ELL was generated by restriction digestion from MSCV-MLL-ELL (provided by Ali Shilatifard) and cloned into pcDNA 3.1(ϩ) (Invitrogen).
To functionally map the DNA-binding sites of ELL in the TSP-1 promoter, seven deletion mutants (Ϫ1604 -1270, Ϫ1554 -1270, Ϫ1504 -1270, Ϫ1454 -1270, Ϫ1404 -1270, Ϫ1354 -1270, and Ϫ1428 -1270) of the TSP-1 promoter were generated by PCR and cloned into pGL2 promoter vector at KpnI and BglII sites. The primers were as follows: TSP-1(Ϫ1270)-R, 5Ј-tatcagatctaccaaataaggatctcagc-3Ј; TSP-1(Ϫ1604)-F, tatcggtacccatcaaccagtagaaacttttc-3Ј; TSP-1(Ϫ1554)-F, 5Ј-tatcggtaccaaacatgtgccttaggaac-3Ј; TSP-1(Ϫ1504)-F, 5Ј-tatcggtacctacatattgagtaactag-3Ј; TSP-1(Ϫ1454)-F, 5Ј-tatcggtaccacacacacacacaccatcttg-3Ј; TSP-1(Ϫ1404)-F, 5Ј-tatcggtaccgaaactgctgtttgatgaatg-3Ј; TSP-1(Ϫ1354)-F, 5Ј-tatcggtaccagtcctgccaggtttaagtg-3Ј; and TSP-1(Ϫ1428)-F, 5Ј-tatcggtaccacaacactcccacgcaag-3Ј. To further verify the DNA-binding sites of ELL, two TSP-1 promoter constructs with 9-bp mutations were generated by PCR and cloned into the pGL2 promoter vector and pGL3-Basic vector, respectively, at KpnI and BglII sites, resulting in pGL2-p-TSP-1(Ϫ1427-1270)mut and pGL3-TSP-1(Ϫ1427-0)mut. The primers for generating pGL2-p-TSP-1(Ϫ1427-1270)mut were TSP-1(Ϫ1427mut)-F, 5Ј-tatcggtaccccacagaaaacgcaagaaaagcgaaac-3Ј (the mutation sites are underlined), and TSP-1(Ϫ1270)-R. The primers for generating pGL3-TSP-1(Ϫ1427-0)mut were TSP-1(Ϫ1427mut)-F and TSP-1(0)-R 5Ј-tatcagatctggcaaggcggaggagccgcg-3Ј. All constructs were verified by sequencing. The transient transfections were carried out using Lipofectamine 2000 (Invitrogen) following the protocols supplied by the manufacturer.
Luciferase Reporter Assay-HA1E and 293 cells were grown in 24-well plates and transfected with the indicated amounts of vectors, including Renilla as an internal control, by Lipofectamine 2000. pER-luc vector was purchased from Stratagene. Luciferase activity was assayed 16 -28 h after transfection. The luciferase activity in cell extracts was determined by dual-luciferase reporter assay system (Promega) according to the protocol supplied by the manufacturer. The relative light units were measured using a luminometer (Sirius, Zylux Corp., Oak Ridge, TN). Data were normalized to Renilla luciferase. Data are reported as means Ϯ S.E. of three separate experiments performed in triplicate. The statistic analysis was performed using GraphPad Prism 5.0 (t tests).
Generation of Polyclonal Antibody against ELL-The full length of human ELL (amino acids 1-621) was cloned into the pET-32a vector (Novagen) and then transformed in the Escherichia coli strain BL21 (DE3). The His-tagged ELL protein was induced by 1 mM isopropyl ␤-D-thiogalactoside, run through a column filled with His.Bind resin (Novagen), and then eluted in 1 M imidazole, 500 mM NaCl, 20 mM Tris-HCl (pH 7.9). The purified fusion protein was dialyzed against Tris-buffered saline (pH 7.5) overnight. A rabbit was immunized three times with the purified His-tagged ELL mixed with Freund adjuvant. Western analysis was employed to verify the specificity of the polyclonal anti-ELL antibody.
Western Blot-Anti-␣-tubulin monoclonal antibody was purchased from Upstate. Anti-␤-actin and anti-Myc antibodies were purchased from Santa Cruz Biotechnology. Western blots were performed as described previously (32) . FujiFilm LAS4000 mini luminescent image analyzer was used to photograph blots. GraphPad Prism 5.0 was used for graph preparation and statistical analysis (t test).
Semi-quantitative RT-PCR-Total RNA was isolated with RNeasy mini kit (Qiagen) from 293 cells transfected with 4 g of CMV-Myc or 4 g of Myc-ELL, and then 2 g of RNA reverse-transcribed using RevertAid TM first strand cDNA synthesis kit (Fermentas, Burlington, Ontario, Canada) and random primers. An amount of cDNA first strands corresponding to 50 ng of total RNA was used as the template for PCR amplification on a Chromo4
TM detector for PTC DNA Engine TM system (Bio-Rad) in the presence of SYBR green. All PCRs were run in triplicate and repeated at least three times. Differences were calculated according to the ⌬⌬Ct relative quantification method using 18 S RNA gene as calibrators. The primers for human TSP-1 were 5Ј-AACAACGTGGTGAATGGTTCC-3Ј and 5Ј-GCCAATGTAGTTAGTGCGGATG-3Ј as designed by Primer Express Program (Applied Biosystems, Foster City, CA). The primers for human 18 S RNA gene were 5Ј-TCAAC-TTCGATGGTAGTCGCCGT-3Ј and 5Ј-TCCTTGGATGTG-GTAGCCGTTCT-3Ј.
Northern Blot-293 cells were transfected with the pCMVMyc empty vector (Clontech) or vectors expressing Myc-ELL. Total RNA was isolated with TRIzol reagent (Invitrogen). Electrophoresis, transfer, and hybridization were performed as described previously (31) . The membrane was probed using synthesized oligonucleotides corresponding to human TSP-1 (5Ј-acaagcaccacatttccagctgccat-3Ј) and human ␤-actin (5Ј-atgtgcaatcaaagtcctcggccaca-3Ј) labeled with biotin at the 3Ј end. The signal was detected using the North2South nucleus labeling and detection kit (Pierce). Photography and data analysis were done as described for the Western blot analysis.
Chromatin Immunoprecipitation-Chromatin immunoprecipitation assays were performed according to the protocol modified from the user manual of an acetyl-histone H3 immunoprecipitation kit (Upstate). 293 cells were cross-linked with 1% formaldehyde in phosphate-buffered saline for 2 min at room temperature and scraped off the plate following three washes with cold phosphate-buffered saline. Subsequently, cells were lysed with lysis buffer containing proteinase inhibitors (Sigma) and 1 mM dithiothreitol. Cell lysates were sonicated to break down chromatin into fragments 200 -500 bp in length. Chromatin was diluted 1:10 and pre-cleared with protein A-agarose beads (Upstate) for 1 h at 4°C. Approximately 3% of the chromatin from each sample was saved as input. The rest of the chromatin was used for immunoprecipitation with either polyclonal rabbit anti-ELL or preimmune serum as a control at 4°C overnight. Immunoprecipitated antibody-protein-DNA complexes were collected by protein A-agarose beads at 4°C for 1 h and extensively washed. The complex was eluted and reverse cross-linked at 65°C for 6 h, and then proteinase K was added for further incubation at 45°C for 1 h. DNA samples were extracted using phenol/chloroform. The primers specific for TSP-1 promoter region were 5Ј-CTGCCTCCCA-ACATCTGAAATCCA-3Ј and 5Ј-GACTGCTGCAAACAGC-CAAGTGTT-3Ј. PCR was performed for 35 cycles with the following cycling conditions: 94°C, 30 s; 53°C, 30 s; 72°C, 1 min. The promoter region of ␤-actin was used as internal control. The primers used for amplifying promoter region of ␤-actin were 5Ј-CAGGGCGTGATGGTGGGCA-3Ј and 5Ј-CAAA-CATGATCTGGGTCATCTTCTC-3Ј.
Whole-mount in Situ Hybridization-In situ hybridization was performed on whole-mount zebrafish embryos as described (36) . For the TSP-1 probe, the fragment of zebrafish TSP-1 cDNA was amplified from total RNA isolated from zebrafish embryos at 24 h post-fertilization (hpf) by RT-PCR using the following primers: zTSP-1-F, 5Ј-GTCGACAATAC-AGCCCCGCCTACAAG, and zTSP-1-R, 5Ј-CTCGAGCTAG-ACGCCACCACCACAGG. Subsequently, the fragment was subcloned into vector pTA2 (Toyoba), and riboprobes were synthesized using the digoxigenin RNA labeling mix (Roche Applied Science).
ELL Antisense MO and Its Validation-Zebrafish ELL antisense morpholino (MO) was designed and synthesized in Gene Tools, LLC, based on the sequence of the full-length zebrafish ELL gene. The sequence of 25-mer ELL-MO was ACTGCTC-CTCCTTCAACGCCGCCAT and covered open reading frame bases ϩ1 to ϩ25. Oligonucleotides were resuspended in sterile water and injected into the one-cell stage of fertilized zebrafish eggs. Each eggs was injected with about 6 ng of MO. Wholemount in situ hybridization for TSP-1 was performed at 12 and 24 hpf.
The wild-type zebrafish ell cDNA and mismatched zebrafish ell cDNA were cloned into pEGFP-N1 (Clontech) to generate wild-type ELL and mismatched ELL tagged with GFP at the carboxyl terminus to validate the specificity and efficiency of ELL-MO. The GFP-tagged mismatched zebrafish ELL was generated by PCR using a forward primer with five mismatched nucleotides, 5Ј-TGTCGACATGGCCGCCTTA-AAAGAAGAGCAGTGTTACG-3Ј (mismatched nucleotides are underlined).
Zebrafish ell mRNA and Ectopic Expression-The open reading frame sequences of zebrafish ell and GFP cDNA were subcloned into the Psp64 poly(A) vector (Promega). Capped mRNAs were synthesized using the Ampticap SP6 High Yield message maker kit (Epicenter). Capped mRNA (200 -500 pg) was injected into one-cell stage embryos. Flk-GFP transgenic zebrafish was provided by Jianfang Gui, originally obtained from Suo Lin (37) .
RESULTS

Carboxyl Terminus of ELL Contains a Transactivation
Domain-Previous work from us and others has demonstrated the ability of ELL to both indirectly modulate transcription by binding to p53 and U19/Eaf2 (26, 32) . At the same time, we have also shown that ELL alone has transactivation activity (32) . These findings prompted us to further investigate the role of ELL in transcription. We cloned full-length ELL and various ELL deletion mutants into the PM vector to evaluate transactivation activity as well as to map the potential transactivation domain of ELL. The vectors expressed the GAL4 DNA binding domain fused with full-length ELL or ELL deletion mutants. Each of these constructs was co-transfected with the luciferase reporter plasmid pER-luc, which contains the Photinus pyralis luciferase gene under the control of five tandem repeats of the yeast GAL4-binding site into HA1E cells, a derivate of human embryonic kidney cells. Cells were also transfected with the Renilla luciferase expression vector as an internal control. A Western blot using anti-ELL polyclonal antibody demonstrated that the HA1E cells expressed full length and each mutant efficiently (Fig. 1A, panel b) . Fig. 1A , panel a, shows that co-transfection of the reporter construct with full-length ELL resulted in 7-fold greater luciferase activity than co-transfection with the GAL4-DNA binding domain alone (PM vector). The deletion mutant containing amino acids 447-621 produced the highest level of luciferase activity, indicating that the main transactivation domain resides in the carboxyl terminus of ELL. The deletion mutant containing amino acids 1-379 produced a weak increase in luciferase activity (1.6-fold). On the other hand, the deletion mutant containing amino acids 46 -621 had a decrease in luciferase activity, indicating that amino acids 46 -446 likely contain a repressive domain. It appears that amino acids 1-45 may, at least in part, neutralize the repressive ability of amino acids 46 -446, leading to the increase in transcriptional activity seen with full-length ELL.
We next analyzed whether Eaf1, U19/Eaf2, or p53, three known binding partners of ELL, could affect the ability of ELL to promote transcription. We used the same GAL4 system described previously to measure ELL transactivation activity in the presence of Myc-tagged Eaf1, U19/Eaf2, and p53. U19/Eaf2 synergistically enhanced the transactivation activity of ELL (p Ͻ 0.05), whereas p53 and Eaf1 abrogated ELL-mediated transactivation of the reporter in a statistically significant manner (p Ͻ 0.05 and p Ͻ 0.001, respectively) (Fig. 1B, panel  a) . A Western blot using anti-Myc polyclonal antibody demonstrated that the HA1E cells expressed each gene efficiently (Fig. 1B, panel b) .
ELL Acts as a Transcription Factor for TSP-1-ELL has transactivation activity when artificially tethered to DNA, begging the question of whether ELL serves as a transcription factor. To investigate this possibility, we used a luciferase reporter construct under the control of the TSP-1 promoter. TSP-1, the first protein to be recognized as a naturally occurring inhibitor of angiogenesis, is up-regulated by p53 (38, 39) . Given that ELL inhibits p53 transactivation activity, we were initially interested in determining whether ELL could directly or indirectly affect TSP-1 expression. In the first series of experiments, we cotransfected Myc-tagged ELL and the TSP-1 reporter construct into HA1E cells along with the Renilla control. Fig. 2A shows that ELL increased transcription of the TSP-1 promoter reporter in a dose-dependent manner without p53 co-transfection, which suggested that ELL could modulate TSP-1 promoter activity in a direct manner. Subsequently, we focused our studies on ELL regulating TSP-1. The expression of ELL was verified by Western blot (Fig. 2A) .
To identify the regions of ELL responsible for TSP-1 up-regulation, we cloned five of the ELL deletion mutants used previously into a Myc-tagged expression vector (Fig.  2B) . Western analysis using an anti-ELL polyclonal antibody showed that the mutants were all expressed efficiently at a similar level (Fig. 2C) . Only the full-length ELL (amino acids 1-621) stimulated TSP-1 promoter activity above that of the control (Fig. 2C) . Previous experiments indicated that the transactivation domain of ELL resides in the carboxyl terminus (Fig.  1A) , so it was not surprising that the 1-379 and 1-508 deletion mutants, which lack the carboxyl terminus, had no obvious transactivity. The amino-terminal deletion mutants 46 -621, 447-621, and 509 -621 had relative luciferase activity levels similar to that of the empty vector control (Fig. 2C) . Because these mutants contained the putative transactivation domain, these results suggested that the DNA binding domain might reside in the first 45 amino acids.
To further test whether the DNA binding domain resides in the first 45 amino acids, we fused 1-45 with VP16 activation domain using pVP16 vector (Clontech). Subsequently, we co-transfected VP16-ELL-(1-45) along with TSP-1 promoter luciferase reporters TSP-1(Ϫ2033 to ϩ750) or TSP-1(Ϫ2033 to 0), respectively. The luciferase assays showed that VP-ELL-(1-45) could indeed transactivate the TSP-1 promoter reporters significantly (p Ͻ 0.05). The expression of VP16-ELL-(1-45) was verified by Western blot (Fig.  2D ). These observations supported that the DNA binding domain resided in the first 45 amino acids of ELL. However, this conclusion still needs to be investigated thoroughly using some more direct approaches such as gel shift assays, etc.
ELL Response Elements in the TSP-1 Promoter-We next wanted to map the ELL response region in the TSP-1 promoter by comparing reporter activities of full-length human TSP-1 promoter (Ϫ2033 to ϩ750 bp) to various promoter deletion mutants in the presence or absence of ELL (Fig. 3, A and B) . Five different deletion mutants of the TSP-1 promoter were cloned into the pGL3-Basic vector and then cotransfected into 293 cells with the full-length ELL expression vector. We observed that the deletion of region Ϫ1608 to Ϫ1270 of the TSP-1 promoter abrogated the transactivation activity of ELL, indicating that the ELL response element might localize to this region. Interestingly, the deletion of Ϫ2033 to Ϫ1608 and 0 to ϩ750 regions enhanced the transactivation of the TSP-1 promoter by ELL, which suggested that the TSP-1 promoter might have suppressive elements.
To further confirm whether the ELL response element localizes to region Ϫ1658 to Ϫ1270, we cloned this region into pGL2 promoter vector (Fig. 3C) . The promoter luciferase assays indicated that the region Ϫ1658 to Ϫ1270 was indeed significantly responsible for ELL overexpression (p Ͻ 0.05) (Fig. 3D) . To further define the core binding site of ELL in the TSP-1 promoter region Ϫ1658 -1270, we did fine domain mapping. First, we made six series deletion mutation reporters for Ϫ1658 -1270 region (Fig. 4A) . As shown in Fig. 4B , the deletion of region Ϫ1658 to Ϫ1454 did not affect the promoter activity significantly induced by ELL overexpression. However, when we deleted the region Ϫ1454 -1404, the promoter activity induced by ELL overexpression disappeared, which suggested the core-response element localized in the region Ϫ1454 -1404. To further narrow down the core-response region, we made another reporter construct with region Ϫ1428 -1270. As shown in Fig. 4 , C and D, the deletion of the region Ϫ1454 Ϫ1429 also did not affect the promoter activity significantly induced by ELL overexpression, narrowing down the core-response element to the region Ϫ1428 -1403. Subsequently, we made homologous alignment for the TSP-1 promoter region from human, macaque, and mouse using MEGA 4.0 software. The region Ϫ1426 -1418 corresponding to the positions of human TSP-1 promoter was evolutionarily conserved among human, macaque, and mouse (Fig. 4E) , which implied that the conserved 9-bp region might be the core-response element in TSP-1 promoter for ELL up-regulation. To confirm this possibility, we made additional two site mutation constructs (Ϫ1427mut-1270 and Ϫ1427mut-0) (Fig. 4F) , in which the nucleotide sequence AACACTCCC in TSP-1 promoter was mutated to CCACAGAAA. As expected, the ELL overexpression did not enhance the reporter activity of these two mutated promoter constructs significantly (Fig. 4G) , indicating that the 9-bp region with nucleotide sequence AACACTCCC was the core-binding site of ELL in the TSP-1 promoter.
Of note, the magnitude of ELL transactivation on the TSP-1 promoter was generally higher in HA1E cells (Fig. 2, A and C) compared with that in 293 cells (Fig. 3, B and D; Fig. 4, B, D, and  G) . It is probably due to the difference between the HA1E cell line and the 293 cell line in promoter assays. Although the HA1E cell line was also a derivate of human embryonic kidney cells, similar to the 293 cell line, HA1E cells attached much better in a culture dish than 293 cells in general culture conditions. In addition, the transfection efficiency in HA1E cells is lower than that in 293 cells (data not shown). However, the real reason that caused the difference of ELL induction on the TSP-1 promoter between the HA1E cell line and the 293 cell line still needs to be further investigated.
Effect of ELL-binding Partners on TSP-1 TransactivationWe found that ELL directly induces TSP-1 expression; however, studies from other groups present the possibility that ELL may indirectly decrease TSP-1 expression through inhibition of p53 (26, 39) . To address this, 293 cells were co-transected with vectors expressing Myc-p53, Myc-ELL, or a combination of both along with the TSP-1-luciferase reporter construct. Fig.  5A reveals that exogenous p53 did not induce transcription at the TSP-1 promoter. Indeed, the presence of Myc-p53 inhibited ELL-mediated transcription, similar to what we observed previously with the GAL4 promoter (Fig. 1B) . As before, U19/ Eaf2 enhanced ELL-mediated transcription at the TSP-1 promoter, whereas Eaf1 abrogated transcription (Fig. 5A) . These results indicated that the effects of the binding partners of ELL, p53, Eaf1, and U19/Eaf2, on TSP-1 promoter activity were consistent with their roles in affecting transcriptional activity of ELL protein. Together, these observations further suggested that ELL could indeed serve as a transcriptional factor to regulate TSP-1 expression.
We also evaluated the ability of the oncogenic protein MLL-ELL to induce transcription at the TSP-1 promoter. The chimeric MLL-ELL lacks the first 45 amino acids of ELL. Not surprising, the empty vector and the vector expressing MLL-ELL produced approximately the same levels of relative luciferase activity (Fig. 5B) . This is consistent with the results obtained with the 46 -621 ELL deletion mutants that also lack the first 45 amino acids (Fig. 2C) . Again, these results support the possibility of a DNA-binding site in this region of ELL.
ELL Regulates TSP-1 mRNA Expression-We next wanted to test if ELL could up-regulate expression of the endogenous TSP-1 gene. Either the Myc-ELL expression vector or an empty vector control was transfected into 293 cells. Total RNA was extracted from cells 24 h after transfection. We employed semiquantitative RT-PCR to determine the mRNA levels of TSP-1. Fig. 6A shows that overexpression of ELL results in an increase of 25-fold of TSP-1 mRNA. The up-regulation of TSP-1 mRNA by ELL was further confirmed by Northern blot (Fig. 6B) . There results suggested that ELL could indeed serve as a transcription factor to transactivate TSP-1 mRNA expression.
ELL Binds to the TSP-1 Promoter in Vivo-
To obtain evidence that regulation of TSP-1 by ELL occurs in vivo, we immunoprecipitated cross-linked chromatin from 293 cells with an ELL-specific antibody. The precipitated chromatin was then analyzed using a primer pair that amplifiers a segment of the TSP-1 promoter. A segment of the ␤-actin promoter amplified by a specific primer pair was used as control. The endogenous ELL protein bound to the TSP-1 promoter. In contrast, there was no ELL protein binding to the promoter region of ␤-actin (Fig. 7) . Thus, these data suggest that TSP-1 can be regulated by ELL via direct binding to the TSP-1 promoter.
ELL Regulates TSP-1 mRNA Expression in Vivo-Given that ELL regulates TSP-1 expression in cell culture, we next asked whether ELL regulates TSP-1 mRNA expression in organisms. Thus, we turned to zebrafish, which, according to the zebrafish data base (ZFIN), possess homologs for both ELL and TSP-1. We analyzed the expression patterns of TSP-1 and ELL by in situ hybridization in whole-mount sections and found that spe- -1 promoter (؊1658 to 1270 bp) . A, schematic of seven TSP-1 promoter deletion constructs in the region Ϫ1658 to 1270 bp. B, quantitation of ELL transcriptional activity on seven TSP-1 promoter deletion constructs. 293 cells were used for assays. C, schematic of TSP-1 promoter construct (Ϫ1428 to 1270 bp). D, quantitation of ELL transcriptional activity on (Ϫ1428 to Ϫ1270 bp) TSP-1 promoter construct. E, alignment of human, macaque, and mouse TSP-1 promoter region Ϫ1454 to Ϫ1405, corresponding to the positions of human TSP-1 promoter. The conserved nucleotides were marked by an asterisk above the DNA sequence, and the mutated nucleotides are also given. F, schematic of two mutated TSP-1 promoter constructs with "AACACTCCC" replaced by "CCACAGAAA" in the region Ϫ1426 to 1428 bp. G, quantitation of ELL transcriptional activity on two mutated TSP-1 promoter constructs. B, D, and G, black bar represents relative reporter activity of mutated TSP-1 promoter co-transfected with the ELL expression vector, and the gray bar represents relative reporter activity of mutated TSP-1 promoter co-transfected with empty vector as a control.
cific tissue in early embryos express TSP-1 (Fig. 8A ) and ELL (data not shown). We next employed micro-injection of antisense morpholino or mRNA to determine the effects of zebrafish ELL knockdown or ectopic overexpression on the endogenous zebrafish TSP-1 expression.
As a first step, we evaluated the specificity and efficiency of the morpholino targeting ell by co-injecting ELL-MO into zebrafish embryos along with a vector expressing the wild-type ELL protein tagged with GFP at the carboxyl terminus or a mismatched form of the ELL protein (five nucleotides mismatched) tagged with GFP at the carboxyl terminus. ELL-MO (6 ng) successfully blocked expression of GFP-tagged wild-type ELL (Fig. 8B, panels a and b) but did not block expression of the mismatched target (Fig. 8B, panels c and d) .
Knockdown of zebrafish ELL by ELL-MO resulted in TSP-1 down-regulation at 12 and 24 hpf (Fig. 8C, panels d and h ) compared with control morpholino injection (Fig. 8C, panels a  and e) . As expected, overexpression of zebrafish ELL by ectopic ELL mRNA injection resulted in TSP-1 up-regulation (Fig. 8C , panels c and g) compared with control GFP mRNA injection (Fig. 8C, panels b and f) . Together, these findings further indicated that ELL regulated TSP-1 expression.
ELL Affects Zebrafish Vasculogenesis-Given TSP-1 was the first naturally occurring inhibitor of angiogenesis to be identified (38), we next asked whether ELL could affect vasculogenesis in a zebrafish model. After we checked zebrafish embryos injected with synthesized zebrafish ell mRNA at different time points postfertilization, we found that the red blood cells were distributed abnormally in the body, exhibiting clumps in the trunks and tails, obviously distinguished from wild-type embryos (Fig. 9 , A and AЈ, B and BЈ, C and CЈ, and D and D). Subsequently, taking advantage of flk-GFP transgenic zebrafish, in which blood vessels were labeled by green fluorescent protein (Fig. 9E ) (37), we observed that the blood vessels were completely disrupted by ell mRNA injection (Fig. 8F) . These results suggest that ell influences zebrafish vasculogenesis, probably through up-regulating TSP-1.
DISCUSSION
The purpose of this study was to further define the physiological roles of ELL. Previous studies have shown that ELL regulates transcription indirectly. For example, ELL binds to and represses p53-mediated transcription (25) (26) (27) whole stimulating the transactivation activity of U19/Eaf2 (32) . As well, ELL appears to act as a co-regulator for steroid receptor function (21) . Some evidence suggests that ELL may also act as an independent transcription elongation factor in that ELL, along with its homologs ELL2 and ELL3 (15) (16) (17) , can increase the rate of polymerase II transcriptional elongation by suppressing transient pausing in in vitro assays (15, 16) . However, because of the lack of in vivo assays to measure elongation activity, the real function of ELL in transcriptional elongation requires further definition. Our in vitro and in vivo experimental evidence does indicate that ELL directly modulates transcription, specifically of the TSP-1 promoter. ELL contains a nuclear localization signal as well as a transactivation domain in the carboxyl terminus. Deletion assays suggest that the DNA binding domain of ELL localizes to the first 45 amino acids; however, mapping of this domain requires confirmation and further refinement.
As reported previously, ELL contains two major domains, including inhibitory domain (1-50 amino acids) and elongation activity domain (60 -373 amino acids), which carry distinct functions (16) . The inhibitory domain negatively regulates RNA polymerase II activity in promoter-specific transcriptional initiation in vitro, probably by physically blocking interaction of RNA polymerase II with TBP, TFIIB, or promoter DNA (16) . The elongation activity domain accounts for increasing the rate of polymerase II transcriptional elongation (15, 28) . However, in this study, we showed that the first 45 amino acids, the major part of the inhibitory domain, could bind to specific DNA sequences in the TSP-1 promoter required for ELL up-regulating TSP-1, and the elongation domain had no obvious transactivation activity. These results implied that the function of ELL acting as a transcription factor was distinct from its function acting as transcriptional elongation factor.
Human Eaf1 and U19/Eaf2 shared 52.6% identity in amino acids, and both of them were composed of six exons. Although Eaf1 and U19/Eaf2 have very similar structure and functional domains, some evidence showed that they might also behave differently. As reported previously, FB1 could inhibit transactivation of U19/Eaf2 but not Eaf1 (34) . In addition, the ELL binding domain in Eaf1 was different from that in U19/Eaf2 (29, 30) . Here we present another example to show that Eaf1 and U19/ Eaf2 have opposite role in regulating the transcriptional activity of ELL.
Through promoter fine domain mapping, we localized the core binding site of ELL in the TSP-1 promoter to a conserved 9-bp region (AACACTCCC), implying that ELL could bind to a specific region of TSP-1 promoter. This observation further refined the result that ELL could specifically up-regulate TSP-1 expression through directly binding to the TSP-1 promoter. However, TSP-1, as the only target of ELL identified so far, we could not identify the consensus DNA binding sequence of ELL in this study. Because TSP-1 is unlikely the only target of ELL, to identify more ELL targets will help us to understand the general molecular mechanism of ELL serving as a transcription factor.
Evidence strongly suggested that ELL played an important role in carcinogenesis and progression through several different means. As a translocation partner for MLL in acute myeloid leukemia, ELL contributed to leukemogenesis through this association. Modulations of p53, U19/Eaf2, and steroid receptor activity as well as promotion of transcriptional elongation represented likely ways that ELL could contribute to cancer. At the same time, our finding that ELL, but not MLL-ELL, induced TSP-1 expression suggested another way that ELL might play a role in cancer. TSP-1 is an extracellular matrix glycoprotein that inhibits tumor growth and metastases (38) . Targeted overexpression of TSP-1 in mice suppressed wound healing and tumorigenesis (40, 41) , whereas the lack of functional TSP-1 resulted in increased vascularization of selected tissues (42) . In addition, several oncogenes repress TSP-1 expression, including oncogenic ras, c-myc, v-src, and c-jun, thus providing a potential mechanism for activation of the angiogenic switches in tumors (43) . On the other hand, tumor suppressor proteins, such as p53 and PTEN, maintain high anti-angiogenic levels of TSP-1, such that the loss of functional wild-type p53 results in an angiogenic switch, in vitro, because of the transcriptional inactivation of TSP-1 expression (39, 44 -46) . Here we present data showing that p53 has no effect on TSP-1 promoter activity. After careful reevaluation of the first paper to show TSP-1 regulation by p53 (39), we found that they had used the classic chloramphenicol acetyltransferase assay to measure promoter activity. However, they lacked the appropriate internal control for transfection efficiency. We have found that co-transfection with p53 expression vector dramatically enhanced transfection efficiency and thus could skew the results (data not shown). As such, the lack of normalization might account for the discrepancy between our results and those in the literature (39) . Indeed, subsequent reports did not support a relationship between TSP-1 expression levels and with p53 status (47, 48) .
Although the function of TSP-1 is still debatable, its role in anti-angiogenesis is well defined so far (38, 40, 43) . Using the zebrafish model, the biological effects of ELL on vasculogenesis were evaluated in this study. We found that ELL could inhibit zebrafish vasculogenesis, which appeared to be consistent with its function in up-regulating TSP-1. These observations might suggest that ELL influences vasculogenesis, at least in part, through up-regulating TSP-1. However, whether the inhibition of ELL on vasculogenesis is directly mediated by TSP-1 needs to be further defined by knockdown/overexpression assays. In sum, our findings highlight that ELL can directly serve as a transcriptional factor to regulate transcription of TSP-1 on several levels, warranting further investigation of this protein.
